We have investigated the optical and the structural properties of strained In1-xGaxAsyP1-y/InP and strain compensated In1-xGaxAsyP1-y/In1-zGazAsqP1-q/InP multi-quantum well heterostructures grown by low-pressure metalorganic vapor phase epitaxy at different growth conditions. Our results indicate an increase of the compositional fluctuation of quaternary materials as the alloy composition moves from the outer spinodal isotherm into the miscibility gap region. In1-xGaxAsyP1-y layers grown at high tensile strained values exhibit a three-dimensional-like growth mode. Strain compensated structures revealed the presence of a broad photoluminescence emission band below the fundamental quantum well transition, well defined elongated features along the [011] direction and interface undulations. All these effects were found to be strongly dependent on the growth temperature and the number of wells.
Introduction
In recent years In 1-x Ga x As y P 1-y /InP quaternary alloys emitting in the near infrared spectral region have proved to be of fundamental technological importance, particularly due to their role as active layers in semiconductor laser diodes, photodetectors, optical amplifiers and modulators for teleco mmunication applications. The development of advanced epitaxial techniques such as Molecular-Beam Epitaxy (MBE), Chemical-Beam Epitaxy (CBE) and Metalorganic Vapor Phase Epitaxy (MOVPE), enabled the fabrication of superior performance InGaAs(P)/InP strained quantum well heterostructures devices [1] [2] [3] . These new structures also provide a great degree of freedom in the selection of chemical composition of In 1-x Ga x As y P 1-y alloys with a considerably wide range of the optical spectral emission wavelengths varying from 1000 nm up to 2000 nm.
In this work, we investigated the optical and the structural properties of strained In 1-x Ga x As y P 1-y /InP heterostructures grown by low-pressure (LP) MOVPE at different growth temperatures and with mismatches (ε) ranging from -0.75% to +1%, as well as strain compensated In 1-x Ga xAs y P 1-y /In 1-z Ga z As q P 1-q /InP multi-quantum well (MQW) heterostructures. All the samples were analyzed using different characterization techniques such as photoluminescence (PL) spectroscopy, photoluminescence microscopy imaging (PLM), X-ray diffraction and atomic force microscopy (AFM). The obtained results show an increase of the compositional fluctuations in the quaternary material as the alloy composition moves from the outer spinodal isotherm into the miscibility gap region. The fluctuations generate thickness modulations, rough morphologies, broad photoluminescence emission bands and broad X-ray diffraction satellites. The strain compensated structures also show an anisotropic behavior, with strong thickness modulations along the [011] direction. Our results confirm the anisotropic behavior of strain compensated structures obtained by Gas Source Molecular Beam Epitaxy (GSMBE) 4 and LP-MOVPE 5, 6 . 
Experiment
The In 1-x Ga x As y P 1-y epitaxial layers were grown on InP:S (100)-oriented substrates by LP-MOVPE at 70 Torr and growth temperature (T G ) in the range of 640-670 °C. Trimethylindium (TMIn) and triethylgallium (TEGa) organometallic compounds were used as In and Ga sources, respectively, and phosphine (PH 3 ) and arsine (AsH 3 ) hydrides as P and As sources, respectively. The V/III ratios used were 280 for compressive layers and 380 for tensile layers.
We investigated three different types of heterostructures: i) Type-I: strained In 1-x Ga x As y P 1-y (λ ~ 1670 nm, ε = +1% and λ ~ 1300 nm, ε = -0.5%) 30 nm thick followed by a InP cap layer 3 nm thick; ii) Type-II: tensile and compressive In 1-x Ga x As y P 1-y /InP-MQW structures, and iii) Type-III: In 1-x Ga x As y P 1-y /In 1-z Ga z As w P 1-w /InP-MQW with strain compensation. Type-I structures were used to calibrate the composition and the growth rate of single quaternary layers. The layer thickness of 30 nm was chosen in order to avoid strain relaxation and consequently the generation of dislocation defects. This thickness value is below the critical thickness for all layers analyzed in this work. The MQW type-II structures were used to evaluate the structural (interfaces) and the optical quality of thin (8 and 4 nm) quaternary layers. Finally, the type-III structures consisted of strain compensated In 1-x Ga x As y P 1-y /In 1-z Ga z As w P 1-w /InP multilayers.
All the samples were analyzed by conventional optical microscopy, 300 K and 77 K photoluminescence, 300 K photoluminescence microscopy imaging, double crystal X-ray diffraction in both (400) and (200) reflections, and atomic force microscopy (AFM). The In 1-x Ga x As y P 1-y alloy compositions were determined by combining the results of X-ray and PL measurements.
Results and Discussion
The In 1-x Ga x As y P 1-y alloy can be considered as a solid solution, composed by four binaries: InP, InAs, GaAs and GaP. However, the large difference between the binary bond lengths gives rise to a solid miscibility gap region represented by a range of compositions and temperatures where the solid is thermodynamically unstable with a tendency to decompose into GaP-and InAs-rich phases 7, 8 . Epitaxial layers grown close or inside the miscibility gap region may exhibit optical and structural proprieties inferior to those grown in the outer isotherm region. As a result, the device performance based on these materials may be strongly affected if the InGaAsP epitaxial layers were grown inside or in the vicinity of the miscibility gap region. Figure 1 shows the calculated composition diagram of InGaAsP alloys taking into account the strain effects on the band gap energy 9 . The solid and dashed straight lines represent constant strain compositions lattice matched and mismatched to InP, respectively. The small circles shown in Fig. 1 represent the material compositions of InGaAsP/InP samples analyzed in this work. The details of the sample structures are shown in Table 1 . The calculated isoenergy line discontinuities, when these curves cross the lattice one, were attributed to the change in the optical transition energy from heavy-to light-hole with strain. The large elliptical regions represent the thermally unstable gap for T G = 640 °C (outer ellipse) and T G = 670 °C (inner ellipse). The region inside the ellipse denotes the miscibility gap for the quaternary system. The lower the growth temperature the higher is the miscibility gap region. As can be observed from Fig. 1 the tensile (ε < 0) strained layers analyzed in the present work were obtained inside or in the vicinity of the miscibility gap. However, the compressively (ε > 0) strained layers were grown outside the spinodal decomposition isotherm region. Figure 2 shows the X-ray rocking curve for (200) reflection and the photoluminescence spectra at T = 77 K of two different samples: i) compressive and ii) tensile layers with nominal strain values (ε) of +1% and -0.5%, respectively. The magnitude of the strain in each sample was directly evaluated from the X-ray spectra (Fig. 2a) by measuring the separation between the InP substrate peak and the layer ones. The obtained strain values were ε = -0.6% and ε = +1.1% for tensile and compressive layers, respectively. The PL spectra of compressive and tensile strained layers ( Fig. 3 the PL spectra (normalized to unity) of the same tensile sample analyzed in Fig. 2 under four orders of magnitude of excitation power levels (I exc ). As can be seen from Fig. 3 the PL spectra are strongly dependent on the excitation power level. At the lowest excitation power level the PL emission line is relatively broad (FWHM ~ 46 meV) and at least two peaks can be distinguished. At this excitation condition the intensity of the low energy emission band is slightly larger than the high energy one. As the excitation power increases the spectra become narrower and the high-energy peak dominates the spectra whereas the low-energy emission band practically disappears. A minimum value of FWHM = 25.3 meV was obtained at I exc = 0.01I o (I o ~ 100 W/cm 2 ). Above this excitation power level the PL spectra starts to broaden again and reaches a maximum value of FWHM = 56.5 meV at I exc = 0.32 I o . The double peaks observed in Fig. 3 at low excitation power levels suggests the existence of an incomplete segregation of InGaAsP into InAs-rich regions as a result of the alloy spinodal decomposition (see Fig. 1 ) 10 . As a consequence, the PL linewidth broadens due to the variation of the InGaAsP alloy composition. As the excitation power level increases the recombination at the lower energy gap region (InAs-rich) saturates and favors the recombination at the nominal alloy region. The competition between the two emission peaks explains the blue shift observed in Fig. 3 at increasing power densities. At high excitation power levels (I exc > 0.01 I o ) the high-energy side of the PL spectrum broadens due the increase of lattice temperature at high pumping densities. The same type of analysis was used to investigate the effect of the excitation intensity on the PL spectra of the compressively strained sample. In this case, only a single emission band was observed and the PL linewidth is essentially independent of the pumping power density in the excitation level range of 3.2 x 10 -5 I o < I exc < 1 x 10 -2 I o . The weak dependence of the PL spectra on the excitation power and the significantly narrower linewidth of the compressive strained material suggest a reduced alloy fluctuation in this material. This behavior was attributed to the growth conditions of the compressive strained layers that were grown with composition and temperatures outside the corresponding miscibility gap region (see Fig. 1 ).
Another strong evidence of the spinodal decomposition effect on the properties of tensile strained layers can be obtained from the PL spectra (normalized to unity) of samples with different strain values as shown in Fig. 4 . The PL linewidth increases from 23 meV to 53 meV (see insert of Fig. 4 ) when the magnitude of the tensile strain values was varied from ε = 0 to ε = -0.75%, respectively. The large increase of the PL linewidth at high tensile strain values was attributed to a larger composition fluctuation of the alloy layer that occurs inside the miscibility gap region (see Fig. 1 ).
Room temperature integrated photoluminescence image microscopy was also used to investigate the properties of strained layer materials. Figures 5a and 5b show the PL image of a tensile (ε = -0.5%) and a compressive (ε = +1%,) strained layer, respectively. The PL images exhibit a high density of dark spots (4.7 x 10 5 cm -2 for the tensile layer and 3.4 x 10 5 cm -2 for the compressive strained layer) with an average diameter of 1 µm. These dark spots were attributed to crystal defects that strongly quenches the lumines- cence around a distance of the order of the carrier diffusion length. There is no evidence of misfit dislocation cross hatching in the PL images of all samples investigated in this work. The origin of these nonradiative centers is not fully understood yet, but a previous study suggested a possible correlation with strain relaxation processes at the InGaAsP/InP-cap interface 11 . Photoluminescence image measurements on samples with tensile strain values larger than ε = -0.6% resulted in completely dark areas due to an increased density of defects. The obtained results suggest a direct correlation between the PL image dark spots and defects generated during the spinodal decomposition process. However, additional experiments will be necessary to clarify the mechanism that generates such defects. This will be the subject of a forthcoming work.
The surface analysis using atomic force microscopy shows a 3D-like columnar growth for samples with ε = -0.75% and a planar growth for samples with ε = -0.5%, as shown in Figs . The shapes of surface features in this case do not resemble those of 3D islands commonly observed during Stranski-Krastanov growth 12 , indicating that the 3D growth occurred during the early steps of deposition. These results agree with the previous PL image observations and give additional evidence of the strong influence of the tensile strain on the crystal quality of InGaAsP layers.
Tensile and compressive strained In 1-x Ga x As y P 1-y /InP MQW structures, of 10 periods (N w ) were grown with InGaAsP wells and InP barriers of nominal thicknesses of 8 nm and 4 nm, and 20 nm and 16 nm for tensile and compressive layers, respectively. All the samples analyzed here exhibited mirror-like surfaces. The simulated and experimental X-ray diffraction patterns at the (400) reflection of the tensile and the compressive strained MQW InGaAsP/InP structures, are shown in Fig. 7 . The satellite peaks are narrow and strongly asymmetric due to the presence of the biaxial strain. These peaks are shifted to the right side of the X-ray spectra main peak for tensile samples and to the left side for compressive ones. The X-ray FWHM of satellite peaks n = -1 and n = +1 are 80 arc sec for both samples. These results together with the observation of a large number of well-defined satellite peaks in the X-ray spectra clearly demonstrate the good crystalline quality of the strained layer MQW samples analyzed in this work. This is confirmed by the simulation of the X-ray data shown in Fig. 7 , since no additional interfaces, composition variations from layer to layer or period fluctuations were included in the kinematical model used 13 to reproduce the experimental X-ray spectra. Photoluminescence measurements at T = 77 K on the same samples showed a PL linewidth of 26 meV and 18.8 meV for the tensile and the compressive strained samples, respectively. Despite that both structures exhibit a narrow and almost the same X-ray FWHM and mirror-like surfaces, the PL linewidth is larger for the tensile layer when compared to the compresive strained one. The above results suggest that the InP barrier layer smooths the InGaAsP/InP interfaces, but the quater- Figure 5 . Room temperature PL microscopy image of a) tensile (ε = -0.5%) and b) compressive (ε = +1%) strained layers.
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Quantum Well Heterostructuresnary alloy still exhibits composition fluctuations giving rise to broad PL emission bands. The last set of samples consisted of MQW structures with tensile (ε = -0.5%) quaternary barriers and compressive (ε = +1%) quaternary wells. The combination of strain and thickness values enables the growth of balanced structures where the total strain is null. The net strain in these structures, known as zero net strain (ZNS), can be estimated using the following relation:
where, ε i and t i are the strain and the thickness values, respectively, of the barrier (b) and the well (W) materials. Three ZNS structures were grown at T G = 640 °C with N w = 2, 5 and 10 wells and nominal values of ε b = -0.5%, t b = 14 nm, ε w = +1% and t w = 7 nm. The surface morphology of the N w = 10 sample was completely rough whereas the two other structures exhibited mirror-like surfaces. The 77 K PL spectra of these MQW structures are shown in Fig.  8 and they consisted of two main emission bands: i) a high-energy emission with PL FWHM ranging from 13 to 17 meV, corresponding to the fundamental transition (e1-hh1) in the quantum well and ii) a broad band (labeled as B) at the low-energy side of the spectrum with PL FWHM ranging from 40 to 61 meV. The nature of the PL broad band-B will be addressed below. The insert of Fig. 8 shows the ratio between the integrated intensity of the fundamental quantum well transition (I QW ) and the broad band (I B ) as a function of the number of wells. The low-energy PL emission band dominates the spectra of ZNS structures with N w = 5 and N w = 10. The ZNS structure with N w = 2 shows an integrated intensity ratio that is about 10 and 30 times greater than samples grown with N w = 5 and N w = 10, respectively.
The AFM 2 x 2 µm 2 scans of N w = 2, N w = 5 and N w = 10 wells ZNS heterostructures are shown in Fig. 9 . The surface morphologies of the analyzed samples exhibited a clear dependence on the number of wells. For N w = 2 the morphology is almost flat with a very weak thickness anisotropy (Fig. 9a) . For N w = 5 the morphology shows an anisotropic and modulated behavior, with a period of 25 nm (Fig. 9b) . A strong anisotropic thickness modulation occurs along the [011] direction, while no modulation takes place along the direction [0] [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . It is also possible to observe in Fig. 9b some localized collapsed regions. A similar modulation and anisotropy were observed on samples grown by gas GSMBE 4 . In the case of N w = 10 the surface is strongly irregular and also shows some degree of anisotropy (Fig. 9c) . This structure exhibits a large thickness fluctuation with a shorter modulation period when compared to ZNS structures grown with N w = 5. The above results corroborate with those obtained with X-ray and the PL measurements and reveal the presence of interface undulations and/or composition variations in these structures.
In order to study the effect of the growth temperature on the optical and structural properties of ZNS heterostructures, an additional sample (N w = 5) was grown at 670 °C. Figure 10 shows the X-ray diffraction patterns of two ZNS-structures (N w = 5) grown at temperatures of 640 °C and 670 °C. The X-ray simulation spectrum refers to the sample grown at 670 °C. The residual strain in both samples is lower than ε = ±0.01%. The X-ray pattern of the ZNS structure grown at 670 ºC (Fig. 10 ) exhibited narrower and more pronounced satellite peaks, when compared to the structure grown at 640 °C. The X-ray FWHM of n = +1 satellite peak is 180 arc sec and 380 arc sec for samples grown at 670 °C and 640 °C, respectively. The high X-ray . However, InGaAsP/InGaAsP-ZNS structures exhibit a pronounced undulation behavior as the number of well is increased giving rise to non-flat interfaces 6, 10, 14, 15 .
The corresponding 77 K PL spectra of ZNS heterostructures (N w = 5) grown at 640 °C and 670 °C temperatures are shown in Fig. 11 . It can be clearly seen in this figure that the growth temperature strongly affects the PL spectra of ZNS structures. As the growth temperature increases from 640 °C to 670 °C the relative integrated intensity I QW /I B increases by almost an order of magnitude and the PL linewidth is reduced from 16.7 meV to 11.4 meV, respectively. These results and those obtained from X-ray data shown in Fig. 10 suggest that the low energy emission PL band (B) is related to defects generated at the InGaAsP/InGaAsP interfaces. When the growth temperature is increased from 640 °C to 670 °C the tensile strained InGaAsP layers are expected to experience reduced spinodal decomposition effects, improving the crystalline quality of the quaternary interfaces. 
Conclusions
Strained InGaAsP/InP heterostructures grown by LP-MOVPE were analyzed using X-ray diffraction, photoluminescence, photoluminescence microscopy imaging and atomic force microscopy. The obtained results revealed a strong influence of the strain in the optical, morphological and structural properties of the quaternary layers. Tensile InGaAsP layers show a broader PL linewith and rougher morphology when compared to compressive ones. The high linewidth values observed in the PL spectra of tensile MQW structures were attributed to a high density of interface defects and/or composition fluctuations generated by the spinodal decomposition of the InGaAsP alloy. Strain compensated InGaAsP/InGaAsP-MQW structures exhibited a well-defined anisotropic surface morphology that is directly related to the number of wells and the growth temperature. Growth temperatures above 640 °C and a smaller number of wells reduce the strength of the low energy emission band bellow the fundamental quantum well emission peak observed in the PL spectra, and significantly improve the interface quality of ZNS heterostructures.
